Summary
Haematological data from 94 diseased rabbits and 23 healthy adult rabbits were analysed statistically using principal components analysis and multiple discriminant function analysis. The 1st principal component accounted for 32% of the variation and was interpreted as showing total blood cellularity.
This was decreased in the majority of diseased rabbits, prinCipally due to anaemia, although in a few it was slightly increased possibly as a result of dehydration.
The 2nd principal component (22% of the variation) had high positive loadings on monocyte and heterophil counts and weak negative loadings on the red cell characters.
This component was interpreted as the response of the white blood cells to disease. When classification analysis was used to decide whether or not an animal was 'normal' the heterophil and lymphocyte counts alone provided almost as accurate an assessment as when all the blood parameters were taken into account. The role of these analyses in the diagnosis of disease is discussed.
There is an extensive literature on the haematology of healthy rabbits (Burns & de Lannoy, 1966; Laird, Fox, Mitchell, Blau & Schultz, 1970; Kozma, Macklin, Cummins & Mauer, 1974; Hawkey, 1975; Jones, 1975; Scha1m, Jain & Carroll, 1975; Mitruka & Rawnsley, 1977; Srinivasan, Natarajan & Shanmugam, 1979) , but little data appears to have been published on the haemato10gical findings in rabbits with naturallyoccurring disease. The purpose of this paper is to present the haematological results obtained from 94 diseased and 23 healthy rabbits examined clinically between 1974 and 1980, and to illustrate the use of multivariate statistical techniques in the analysis of such data.
Materials and methods Data were collected by MH and D REJ, and analysed by MFWF. Blood was obtained from 23 healthy adult rabbits, in order to establish ranges of normal Received 11 November 1980 . Accepted 7 October 1981 values, and from 94 diseased rabbits presented for clinical examination between 1974 and 1980. The rabbits examined were obtained from several different sources, and most of them were over 3 months of age. The diseased rabbits were classified into 23 diagnostic categories (Table  I) As there were very small numbers of rabbits in most categories, analysis of blood parameters by diagnostic groups was arbitrarily restricted to the 5 groups with 8 or more individuals.
The rabbits with amyloidosis had been used for feeding blood to tsetse flies (Glossina spp.) for prolonged periods (Hinton, McCullagh & Mews, 1979) .
Blood was collected into tubes containing ethylenediaminetetra-acetic acid (EDTA) as the anticoagulant (1 mg/mt) from either the marginal ear vein or from the heart of rabbits anaesthetized with sodium pentobarbitone prior to euthanasia. Most samples were examined on the day of collection but if not, on the following day after storage at 4°C. The haematocrit (PCY) was determined in a microhaematocrit centrifuge by spinning at 12 000 rev/min for 6 min, and the haemoglobin (Hb) was assayed using the cyanamet-haemoglobin technique. The white blood cell count was obtainl}d using an electronic counter (Model ZF; Coulter Electronics Ltd, Luton, UK). The differential count was based on 100 cells and data on the white blood cells was converted to absolute numbers rather than percentages. The neutrophil in the rabbit shows an eosinophilic staining reaction and is frequently referred to as a heterophil (Schalm et aI., 1975) : that term is used in this paper. Red blood cell counts were only obtained for a small proportion of the subjects and the data were not used in these analyses.
Statistical analysis
The haematological data presented here have a typical 'multivariate' structure in that an individual is characterized by several blood parameters, some of which may be highly correlated. Several multivariate statistical techniques have been developed for dealing with such data, which have some important advantages over conventional univariate techniques (the separate statistical analysis of each parameter in turn), including methods for deciding which of the measured parameters are of greatest importance in distinguishing between groups, and for judging how closely an individual matches a defined group. Such methods are of potential value in the development of haematological methods for disease diagnosis. One of the aims of this paper i& to explore the use of 2 multivariate techniques. These techniques (which are mathematically complex.) are summarized below, and a full description is given by Cooley & Lohnes (1971 ), Mifi & Azen (1979 and Maxwell (1977) . Computer programs for these analyses are readily available from most large computer laboratories.
Principal components analysis has as its main aims the reduction of dimensionality and the display of the nature of the variation present in the data. This is achieved by creating a new variable, the '1 st principal component', which is a linear combination of the observations (i.e. PCli = B 1Xii + B2Xi2 + ... BnYin where PCli is the first principal component for individual i, the BI are calculated constants known as 'factor loadings', and the XiI are the observed values for individual i standardization to a mean of zero and a variance of 1.) Hinton, Jones & Festing calculated so as to have maximum variance. This I st principal component explains as much of the variation in the data as is possible with a single statistic. A 2nd principal component is then calculated which is uncorrelated with the 1st and accounts for as much as possible of the remaining variation, and so on. If there are n different variables it is possible to calculate n different principal components, but the first few will normally account for most of the variation present in the data, and may therefore be usecLto display the relative positions of individuals.
The absolute value of the 'factor loadings' indicates the contribution of each of the parameters to each of the principal components. Inspection of these loadings may suggest a name for the variable which is represented by each principal component. This is explained in more detail in the Results and discussion.
Step-wise discriminan t function (or canonical variate) analysis is used to show which of the blood parameters are of greatest value in differentiating between diagnostic groups, to provide a multivariate statistical test of the significance of the observed differences between groups, and to provide a method for classifying individuals to the diagnostic group which they resemble most closely when all variables are taken into account simultaneously. A backward-stepping procedure was used in which a discriminant function analysis was first carried out using all the blood parameters. Subsequently, the parameter which was of least significance in distinguishing between groups was dropped. This was repeated until the number of variables was equal to the number of groups to be distinguished, and was then terminated. At each step a test of the null hypothesis that there was no statistically significant difference between groups was assessed using the multivariate analysis of variance, and at selected steps individuals were classified according to the closeness of each individual to each group. These procedures are also described in more detail in the Results and discussion.
Results and discussion
A preliminary analysis showed that the heterophil counts were markedly skewed, but this was largely corrected using a loglo transformation. There was also marked skewness for monocyte, eosinophil and basophil counts, but as there was no obvious transformation which would normalize these counts the data were left untransformed.
The distribution of values for the 7 blood parameters in a11117 rabbits, and in the 23 normal controls, is given in Table 2 , which shows the *Transformed to log,o (no. heterophils), hence the negativenumbers.
Quartile
Basophils Rabbits rank values (X 10 9 /1) all normal low high number of rabbits falling in each quartile rank. This method of presentation has been chosen as being a relatively compact way of demonstrating the differences among rabbits for all the blood parameters, though it is appreciated that it may be unfamiliar to many haematologists. Many of the rabbits had haemoglobin and PCY values much lower than normal (i.e. they were anaemic), whereas the normal rabbits tended to be intermediate for heterophil and, to a lesser extent, lymphocyte counts, with the diseased rabbits (not surprisingly) falling both above and below the normal ranges.
Normal rabbits tended to have very low monocyte, eosinophil and basophil counts, while a few of the diseased rabbits had elevated counts.
The mean values of each of the 7 blood characters in the 5 diagnostic groups (including normal) in which there were 8 or more individuals are shown in Table 3 . The 48 rabbits with other diagnoses are also included for completeness, but as these were a very heterogeneous group little reliance should be placed on the mean values given for them. Univariate and multivariate analyses of variance were used to assess whether the groups differed significantly for each of the blood parameters, and the probability (P) value under the null hypothesis (no difference between groups) is given. It can be seen from the univariate P values that the Hb, PCY, heterophil and monocyte counts differed significantly between groups, but there were no significant differences for the lymphocyte, eosinophil or basophil counts.
However, the multivariate analysis gave somewhat different results. These are discussed below. The correlations between the 7 blood parameters are given in Table 4 . As expected, Hb and PCY were highly correlated, but there was also a moderate correlation between the monocyte and heterophil counts and weak but statistically significant correlations between the lymphocyte counts and Hb, PCY, eosinophil and basophil counts. All of the correlations were positive.
The coefficients (loadings) for the 1st 4 principal components are given in Table 5 . These 4 components account for 85,8% of the total observed Only correlations with an absolute value of >0·2 (i.e. those significantly different from zero at approximately the 5% probability level) are shown. Abbreviations and units as in Table 2. variation. The 1st principal component (accounting for 32% of the variation) has large positive loadings for the 2 red cell parameters, and smaller loadings for the white cell parameters with the exception of the monocytes.
In a morphometric investigation this principal component would be interpreted as representing variation in size. In this case, the component may be interpreted as showing total blood cellularity. In other words, one of the main effects of disease is to reduce or increase the total blood cellularity, particularly with respect to the red cell values but also to a lesser extent with the white cell counts. In fact in most cases the blood cellularity to disease. The 3rd and 4th principal components are more difficult to interpret biologically, though they seem to be concerned with differences in the response by different classes of white blood cells in the disease process. The use of the principal component analysis for clustering the data is shown in Fig. 1 . In this case the 1st principal component (interpreted as blood cellularity) has been graphed against the 2nd (interpreted as the number of monocytes and heterophils). The rabbits with amyloidosis overlapped considerably with normal rabbits but tended to have a slightly reduced blood cellularity, with not much increase in the 2 classes of WBC. Those with intestinal impaction tended to have a marginally increased blood cellularity which may have been due to dehydration, but they also had elevated heterophil and monocyte counts. The rabbits with labyrinthitis overlapped considerably with normal, but were also highly variable, with a few individuals having elevated heterophil and monocyte levels. The rabbits with the subcutaneous abscesses or mastitis were highly abnormal, with many individuals having both a reduced blood cellularity and elevated heterophil and monocyte levels. Finally, the individuals with other diagnostic conditions (marked as individual points in Fig. I) were highly variable because they were such a heterogeneous group. A step-wise discriminant function analysis was used to assess the relative importance of each of the variables and to provide a classification of individuals to diagnostic groups. The multivariate probability values for assessing the differences between the diagnostic groups (excluding the 48 rabbits from the 'other' diagnostic groups) are shown in Table 3 . In contrast with the univariate P values, the multivariate P value for PCY was not statistically significant. This is due to the very strong correlation between Hb and PCY such that having taken Hb values into account the PCY provides little additional information. This would imply that the mean corpuscular haemoglobin concentration (MCHC), which could be calculated for these data, would provide no significant additional information. Similarly, in contrast to the univariate analysis, the multivariate analysis showed that the lymphocyte counts differed significantly among the diagnostic groups, whereas the monocytes did not do so, once the correlations between the parameters have been taken into account.
The step-wise analysis showed that the least important variable was the basophil count, followed by the monocyte and eosinophil counts. Stepping had to be terminated at this stage as the computer program would not permit fewer variables than the total number of groups. However, in a separate analysis of normal versus diseased rabbits the monocytes provided least information, followed by the basophils, eosinophils, pey and Hb. In fact, the classification analysis used to decide whether an animal was normal or abnormal was almost as accurate when assessment was based solely on the heterophil and lymphocyte counts as when all blood characters were taken into account. The classification analysis of animals to diagnostic groups (Table 6 ) was based on all the blood parameters. The method was to calculate a multiple discriminant function for optimal discrimination between the diagnostic groups. Individuals were then assigned to that group which they most closely resem bled, based on their discriminant function score (Afifi & Azen 1979) . In general the classification was reasonably good, with the notable exception of the group diagnosed as having labyrinthitis. A poor classification of this sort would be expected if the diagnostic group was in fact highly heterogeneous with, say, a few abnormal animals and the rest normal. In this case it is possible that rabbits with labyrinthitis have essentially normal blood parameters, but that there were I or 2 animals with some other undiagnosed disease. Inspection of the raw data (not shown) suggests that this is the case. This interpretation is supported by the observation that 4 of the normal "'For example, among 10 animals diagnosed as having amyloidosis, 8 appeared to be closer to the mean of the amyloidosis group than to any other, while 1 had a blood pattern closer to the labyrinthitis group and 1 was closer to the intestinal impaction group. Thus 8/10 (80%) were correctly classified. rabbits were classified as being closer to the labyrinthitis group than to the normal group. This of course does not imply that these rabbits had undiagnosed labyrinthitis; it is simply a reflection of the fact that there is little to distinguish most of the rabbits with labyrinthitis from normal so that there is considerable overlap between the 2 groups.
The group of animals diagnosed as having amyloidosis had been used for feeding tsetse flies for a prolonged period. It is possible that the similarity of their blood parameters may have been partly due to their age and to the similarity of their environmental conditions over some time, in addition to the diagnosis of amyloidosis.
The purpose of this paper was to present data on haematological parameters of diseased and normal rabbits, and to evaluate the role of multivariate statistical techniques in analysing such haematological data. These data, in common with much data collected in routine work over a period of time, suffer from a number of limitations. In particular, classification of the 94 rabbits into 23 different disease categories means that there were relatively few individuals in most categories. Nevertheless, the data are probably representative of the types of change in haematological parameters which are commonly encountered, and some analysis of those disease categories with reasonable numbers of cases was possible. In such circumstances it is particularly valuable to be able to describe in general terms the pattern of change that occurs as a result of ill health. A conventional analysis of the data clearly shows that some individuals were anaemic, some had a leucocytosis and some had a leucopaenia. The principal components analysis, on the other hand, was used to show the pattern of changes as a result of disease when all blood parameters are taken into account simultaneously.
The most important of these changes, accounting for about 32% of the total variation in the data, was a change in the cellu-larity of the blood. In a few cases the cellularity was marginally increased in comparison with normal, possibly as a result of the animal being dehydrated. This may have been the case with those rabbits suffering from intestinal impaction. However, in the majority of cases the cellularity was decreased. Superimposed on this change was an increase in the white cell counts in some animals, though the various types of white cell behave independently to some extent, giving a complex pattern of responses which may be related to the type of disease. A graph of the 1st versus the 2nd principal component gives a useful method for clustering the data by diagnostic group, with some visual indication of the haematological response to different types of disease. It is impossible to obtain such a concise description using univariate statistical techniques.
The step-wise discriminant function analysis provides information on whether individuals could be classified to groups with reasonable accuracy, and also showed which of~he variables was of most value for such a classitication. A univariate analysis which does not take account of the interrelationships between the different characteristics is useless for this purpose. This is illustrated in Table 3 where univariate analysis of variance of both Hb and pev showed highly significant differences between groups, but the multivariate analysis shows that once variation in Hb has been taken into account, the inclusion of the pev data makes a statistically insignificant contribution to distinguishing between the groups.
The class1fication analysis was reasonably accurate except for the classification of rabbits with labyrinthitis, where there was good evidence that this diagnostic category was heterogeneous. In most other cases it was possible to assign animals to diagnostic groups with 63-80% accuracy. This suggests that haematological data may have some value in diagnosis of the diseases pre-sen ted here. However, such a conclusion would not be valid without additional data on other animals with the same diseases which could be used to validate the classification analysis. If such
